Pyoverdine Production by
Nuturales, Unicersidad Nacional de Rio Cuarto, Estefeta Postal No. 9, 5800 Rio Cuarto, Prouincia de Cordoba, Republica Argentina (Received 20 August 1984) The influence of the nitrogen source on pyoverdine production by Pseudomonas JIuorescens grown in chemostat culture in synthetic media at constant pH was studied. Pigment synthesis was highest in a medium with proline as the nitrogen source; other amino acids were less effective in promoting pigment synthesis. The pH and Fe3+ content of the media affected pyoverdine production. The ratio of pigment to growth was maximal at pH 8. When the Fe3+ concentration was increased from 10 to 200 pg 1-l in media with the same nitrogen source, pyoverdine synthesis decreased. Since the Fe3+ contents of the synthetic media were different, the amount present was adjusted to a standard concentration to permit comparisons between the various nitrogen sources.
I N T R O D U C T I O N
The inorganic substances necessary for the synthesis of fluorescent pigments by bacteria have been the subject of several investigations (Georgia & Poe, 193 1 ; Burton et al., 1948; King et al., 1948; Palumbo, 1973) . The concentration of phosphate ion was shown by Georgia & Poe (1931) to be of great importance for bacterial fluorescence; an increase in the amount of SO;-or Mg'+ stimulated pyocyanine synthesis, but did not affect pyoverdine synthesis. Burton et al. (1947) showed that certain amino acids were required for pyocyanine production but others were inhibitory. King et al. (1954) described two simple media which enhance pigment development; they are routinely used in the identification of Pseudomonas aeruginosa and Pseudomonas Juorescens. However, many strains fail to produce pigment and more recent experiments have been done in an attempt to arrive at the optimum conditions for Pseudomonas pigment synthesis (Gouda & Greppin, 1965; Luisetti et al., 1972; Pichardo Reyes et al., 1981) . This paper describes the influence of the nitrogen source on pyoverdine production by P.jpuorescens in synthetic media. The use of the latter eliminates problems caused by variation in nitrogen content of media containing proteose-peptone. oxidase, triple sugar-iron, MacConkey, Sulmonellu-Shigellu agar, cetrimide, growth on 6.5% (wiv) NaCl, growth at 4 "C and 42 "C, urea, aesculin hydrolysis, gelatin liquefaction, nitrate reduction, deoxyribonuclease, indole, SH2-production, phenylalanine deaminase, lysine and ornithine decarboxylase, arginine dihydrolase, haemolysin, pigmentation in King A and King B media and oxidationfermentation of fructose, lactose, mannitol, sucrose, xylose, maltose, mannose, galactose and inositol.
Iron content (?I mrdiu. This was determined by the method of Zak et ul. (1970) and adjusted to 35 pg 1-I.
I . ALBESA A N D O T H E R S
Pigment production. Bacteria were grown in a chemostat at 26°C. The production of pyoverdine was investigated in King B medium (King et al., 1954) prepared in liquid form, and in synthetic media (KClO-25%, NaClO.25%, K2HP0, 0.1 %, MgSO, 0.05%, mannitolO.25% and amino acid 0.5%) with various amino acids as the only source of nitrogen. In some experiments, the source of nitrogen was (NH,)$04 or NaN03. Cultures were grown either at an initial pH of 7, with no pH control, or at constant pH values of 6, 7, 7.8 and 8, controlled by an Orion Research digital ionalyzer/501; pH was adjusted by addition of NaOH or HCl. The presence of a greenish-yellow fluorescent pigment was interpreted as indicating pyoverdine synthesis. After growth, all cultures were centrifuged (10000 r.p.m., 30 min) and the absorbance of the supernatant measured at 400nm. This value was used to calculate the amount of pigment produced using an absorption coefficient estimated with purified pyoverdine. Bacterial growth was measured as the optical density at 600 nm; cell dry weights were calculated using an appropriate calibration curve, obtained by drying bacterial pellets to constant weight.
Pur$cation and characterization of' pyoverdine. The pigment produced was extracted with chloroform and characterized by its absorption spectrum (Cary 17 spectrophotometer) and its fluorescence spectrum (Aminco fluorimeter). Pigment was purified by the method of Meyer & Abdallah (1978) .
R E S U L T S
The effect of different nitrogen sources on pyoverdine production by three culture collection strains, and one strain (PAB) from water, of P.fEuorescens is shown in Table 1 . The requirements for pyoverdine synthesis were satisfied by the majority of the amino acids tested. The most effective was proline, which gave better pigment production than was found in King B liquid medium, whereas histidine, methionine, serine and phenylalanine supported little pigment production. However, there was no obvious correlation between the chemical structure of the amino acids and the amount of pigment produced. The inorganic sources of nitrogen (NH4)2S04 and NaN03 supported growth but only small amounts of pigment were produced.
The pyoverdine isolated from the PAB strain and a culture collection strain had similar absorption and fluorescence spectra (Figs 1 and 2) .
All the media used contained traces of iron. Their iron contents were adjusted to a standard amount by addition of FeC1, because pyoverdine production was influenced by iron : increasing the Fe3+ concentration from 10 to 2OOpg1-l caused pigment production to decrease from approximately 0.5 g (g dry wt cells)-' to zero.
The effect of pH was investigated in chemostat cultures in which the pH was kept at a constant value. At pH 6 and pH 8 the amount of pyoverdine in the culture supernatant was less Table 1 . Pyoverdine production in synthetic media with various sources of nitrogen Cultures were grown either at an initial pH of 7, with no control of pH, or at a constant pH of 7.8. Excitation maximum 395 nm; emission maximum 470 nm. ; measured as m, 0, PH 8. than at pH 7, but the ratio of pigment to growth was maximal at pH 8. In general, pH control enhanced pigment production ( Table 1) .
In spite of the fact that maximum pigment production occurred within 48 h with proline and many other amino acids (Fig. 3 ), cultures were incubated for 72 h because cultures grown on amino acids such as methionine only began to produce pigment during the third day of incubation. When the pH of the cultures was not controlled, pigment production increased throughout the period of incubation.
I . A L B E S A A N D O T H E R S DISCUSSION
The amount of pyoverdine produced relative to the bacterial mass was higher in medium containing proline as the nitrogen source than in all other media. With the exception of methionine, histidine, serine and phenylalanine, all the amino acids tested produced better pigmentation than did the inorganic nitrogen sources. Previously, phenylalanine was shown by Burton et al. (1947) to inhibit pyocyanine production. There was no obvious relationship between the chemical structure of the amino acids and the amount of pyoverdine produced. True comparisons between amino acids as nitrogen sources were only possible after pH and Fe3+ concentration were controlled. The Fe3+ concentration was shown by Meyer & Abdallah (1978) to affect pyoverdine production and the importance of pyoverdine in Fe3+ transport into P.
Puorescens has been described (Meyer & Hornsperger, 1978) .
The synthetic proline-containing medium might be useful in microbiology laboratories as a medium for the detection of fluorescent pigment, because its composition varies little with change of stock. Moreover, this medium supported the growth of, and pigment production by, 22 of the 23 strains of Pseudornonas studied, suggesting that it would be suitable for use with the majority of strains isolated.
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